Introduction
According to the estimates of global glacier mass balance in the IPCC Report (Warrick et al., 1995) , the total amount of iceberg calving accounts for about 70% of the total mass loss of all glaciers including two polar ice sheets, and for about 7% of the total mass loss of Arctic ice caps and mountain glaciers. In spite of their importance, processes and mechanisms of calving are less well understood than dynamics of noncalving glaciers.
Research on calving glaciers has been mostly made at fiords in Alaska and the Arctic. It was known that, while some Alaskan tidewater glaciers were retreating catastrophically, some others were oscillating or advancing slowly (Mercer, 1961) . Change in the terminus position of a calving glacier can be expressed as,
where L is the width averaged terminus position, Ui is the widthand depth-averaged ice velocity at the terminus, and Uc is the calving rate defined as the volume rate of iceberg discharge divided by the cross-sectional area of the terminus. The equation implies that two physical processes, flow (Ui) and calving (Uc), control the position of the glacier terminus. However, because measurements of Uc are usually not easy, Uc is estimated from the other two parameters in equation (1). Brown et al. (1982 Brown et al. ( , 1983 ) estimated calving rates of 12 glaciers in Alaska, and showed that the annual mean calving rate is best fitted by a simple proportionality to average water depth at the terminus, as Uc = kw,
where w is the water depth averaged over the width and over a year, and k a constant of proportionality. A similar form of linear relation has been widely applied to many other tidewater or freshwater calving glaciers (e.g., Funk It is sometimes pointed out that backstress (or backpressure) arising from the shoal or islands is crucial to the dynamics or stability of a glacier. Meier and Post (1987) explained rapid disintegration of grounded tidewater glaciers by the relation (equation 2) and also a feedback process including backpressure; namely "retreat decreases backpressure on the glacier, increasing its stretching and velocity, causing thinning, which decreases the effective pressure on the bed, causing further increase in stretching and further increase in calving." Hughes (1992) attempted to develop a calving theory for ice walls grounded in water, and derived a calving law in which calving rates are controlled by bending creep behind the ice wall. However, one cannot quantitatively estimate a calving rate of a glacier based on his theory, because it includes some parameters which are not easily measured.
According to Meier and Post (1987) , no temperate tidewater glaciers have floating termini, although the floating condition has been reached locally and temporarily at Columbia Glacier, Alaska. This may be because the floating temperate ice can easily be broken off by tidal movements or currents due mainly to weakening of ice by the effect of water percolating through crevasses, cracks and veins. Consequently, if the terminus of a glacier becomes sufficiently thin to nearly float, the terminus portion calves to maintain a thickness somewhat in excess of the flotation thickness. This is the "height-above buoyancy model" proposed by Van der Veen (1996) . According to this model, the position of the terminus (L in equation 1) is controlled by such geometric factors as ice thickness and water depth, so that calving rate Uc is not a cause but an effect given by equation (1). By analyzing data from Columbia Glacier, it was shown that, during the retreat, the thickness at the terminus appears to be linearly correlated with the water depth (Van der Veen, 1996). The thickness in excess of flotation at the terminus ranges from about 30 to 100 m, with a mean at about 50 m.
On the basis of force balance consideration and data analyses for Columbia Glacier, Van der Veen (1997) and Whillans and Venteris (1997) concluded that backstress emanating from At Glaciar Upsala, a lacustrine calving glacier in southern Patagonia, discussion on the glacier dynamics has been insufficient so far due to lack of ice thickness data. Bathymetric surveys were therefore extensively carried out in 1997-1998 near the terminus of the glacier. Since the glacier has retreated by about 5 km during the last 20 yr, we can roughly reconstruct the geometry of the frontal 5-km portion of the former glacier using the water depth data (Skvarca, unpublished) . In the present paper, we try to estimate and discuss such dynamic features as the effect of the bed topography, the height above buoyancy, and the longitudinal stretching of a freshwater calving glacier, comparing with a tidewater glacier (Columbia Glacier), both thinning and retreating significantly during these two decades.
Glaciar Upsala and Its Recent Behavior
In Patagonia, a number of glaciers calve into fiords on the western side and into large proglacial lakes on the eastern side of two icefields (Warren, 1994; Warren et al., 1995a) . Among these glaciers, Glaciar Upsala ( (11 m a-l) . Thus, it was concluded that the change (rise) in air temperature alone could not elucidate the thinning rate. The thickness change at the ablation area is a result of difference between the emergence velocity and the net ablation rate. Then, a scenario was suggested similar to a feedback proposed for Columbia Glacier by Meier and Post (1987) . At Glaciar Upsala, the retreat may have resulted in reduction of longitudinal compressive stress exerted from bedrock rises and islands, causing a considerable decrease in the emergence flow. Thus, the ice may have thinned significantly in recent years because of reduction in emergence velocity.
Bathymetric Surveys at the Proglacial Lake
Measurements of water depth at Brazo Upsala were first made in February 1994 and March 1997 by H. Svetaz (pers. comm., 1997) with an echo-sounder (Furuno Electric Co.) at about 50 points near the glacier terminus. Secondly, extensive bathymetric surveys were carried out in December 1998 by one of the present authors (Skvarca, unpublished). An echo-sounder used in the surveys is the ECHOTRAC (DF 3200 MKII, Odom Hydrographic Systems Inc.) which can measure water depth from 7.5 m to 6000 m with an accuracy of 0.042% of the depth. The ECHOTRAC sounder was connected to a GPS instrument, and measurements were sequentially made every 5 s from a slowly cruising rubber raft. An accuracy of the absolute position of each point is estimated as ?100 m. The surveyed area corresponds to the region in which the glacier terminus has receded during the last 20 yr (Fig. 2) .
Longitudinal profiles of the lake bottom along three sections LI, L2, and L3 (Fig. 2) Figure 4 shows that the width-averaged front retreated remarkably in 1981-1984, 1990-1994, and 1996-1998 . However, it is noticed in Figure 2 that between 1981 and 1990 the large retreats occurred predominantly in the eastern half of the glacier. During this period, the western half of the glacier terminus was located at the bed bump as seen in LI (Fig. 5) and T2 (Fig. 6) . Hence, the frontal fluctuations before 1990 are considered to be strongly controlled by the bed topography in the western part of Brazo Upsala.
Whereas in the period from 1990 to 1998, though calving retreats occurred alternately in the western half and the eastern half, the cumulative retreat distance was almost uniform over the glacier width (Fig. 2) . Bedrock topography in the region to the north of D(4) indicates a relatively gentle slope (L2 of Fig. 5) , and a smooth concave cross profile (Tl of Fig.6 ). Naruse et al. (1997) suggested that after 1990 the very small longitudinal compressive stress near the terminus might have resulted from a considerable reduction in backstress from bedrock rises and islands near the front. Although this remark may still be relevant, we cannot evaluate how significant the backstress was before 1990. However, there is no doubt that the islands and the surrounding bedrock rises should have affected the glacier dynamics, at least in the western half, when the glacier terminus was located there.
FLOTATION OF THE GLACIER FRONT
Van der Veen (1996), using aerial photogrammetry data from Columbia Glacier, showed that height above buoyancy at the terminus decreased gradually from about 100 m in 1976 to 30 m in 1991, synchronizing somewhat with the glacier retreat. Height above buoyancy, or ice thickness in excess of flotation F, is defined as Transverse Distance (km) FIGURE 6. Transverse profiles of water depth along TI, T2, and T3 in Brazo Upsala. Transverse distance originates from the western shore near the line T2 (Fig. 2) .
THE CONTINUITY CONDITION NEAR THE GLACIER TERMINUS
We now examine a mechanism of the glacier recession from a point of view of ice dynamics. The continuity condition (mass conservation) at any point of a parallel-sided glacier can be expressed as, aH/it = b -u(ah/dx + aw/lx) -Hau/lx, 
Conclusions
Before 1990, when the terminus of Glaciar Upsala was located at or farther southward from the islands and the surrounding bedrock rises in the western part of Brazo Upsala, the dynamic behavior should be affected by the bed topography in terms of normal and shear stresses. During 1990-93, the glacier terminus is considered to have been floating, which may indicate a difference between freshwater and tidewater calving glaciers.
Significantly large longitudinal extension strain rate of 0.22 a-' was deduced for the same period, which should be caused by the enhanced basal sliding near the terminus. Stretching results in ice thinning, which may cause extensive calving, so that the glacier retreats farther. However, a question what phenomenon is a fundamental cause for variations of freshwater calving glaciers remains unsolved until future studies. 
